Adsorption of N 2 at 77 K and scanning electron microscopy have been used to measure the changes in the support morphology, at nano-and microscale level, along the processes involved in the preparation of a supported Pd catalyst: Pd deposition, doping, and thermal treatments. Among the investigated supports, viz., activated carbons, γ-Al 2 O 3 , SiO 2 , and SiO 2 -Al 2 O 3 (SA), the SA one was found particularly sensitive to these processes, as a result of its high plasticity and reactivity. Involved processes can be summarized as follows: (i) During the Pd deposition, the support itself is partially dissolved and removed as a result of both the basicity of the precipitating agent and the final washing.
Introduction
Precious metal catalysts are widely used in the supported form on porous materials such as activated carbon, γ-alumina, silica, silica-alumina, organic polymers, and so forth, with a variety of properties (e.g., particle size, surface area, pore volume and size, mechanical strength and resistance to attrition, thermal stability, etc.). The final catalytic properties depend on the combination of the types of metal (i.e., the active phase) 1-4 and support.
2,4-7
Particularly, the support can exhibit a direct influence on the catalytic reaction, as its surface is often active toward reactants and reaction products, but an indirect influence also occurs in that the physical-chemical properties of the support influence the metal dispersion, its resistance to sintering, and the accessibility of active sites to reactants. Some of these aspects have been investigated in the literature, such as the effect of the support chemical properties (e.g., acidity or basicity) 8-10 or porosity.
11,12
However, it is often neglected that, during the catalyst synthesis, the original bare support may undergo modifications, at the nano-and microscale level, along with the entire catalyst preparation process that involves metal deposition, washing, thermal treatments, addition of additives, and so forth. For example, some carriers such as activated carbons, can release ashes when contacted with impregnating or washing solutions. 5 Some others, such as oxidic supports, are partially soluble in acidic and basic solutions used for the deposition of the metal, [13] [14] [15] [16] and the dissolved material can be washed out or can reprecipitate inside the pores. Several supports are sensitive to thermal treatments such as silica, 17 ,18 alumina, 19 titania, 20 zirconia, 21 and zeolites, 22 or this sensitivity can be induced by the modifications to the chemistry of the support occurring in the previous preparation steps.
*Corresponding author. Phone: +390575-441565. Fax: +390575-441424. E-mail: riccardo.pellegrini@chimet.com. In addition, it is a common practice to modify the catalytic properties by means of proper additives called promoters, modifiers, or dopants. [23] [24] [25] For example, some catalytic processes such as the hydrogenation of phenol to cyclohexanone, [26] [27] [28] [29] [30] the selective hydrogenation of acetylene to ethylene, 31 and the conversion of syn-gas to methanol [32] [33] [34] require alkali and alkaline earth-doped palladium catalysts. Even in this case, a support can undergo modifications through contact with the doping solutions. 17, 19, 35 It turns out that the modifications of the support during the catalyst preparation can affect the availability of the metal particles for the catalytic process to take place. In fact, the metal particles may be covered by dissolved support material, or by the shrinkage of the porous system of the support. Furthermore, the metal particles can undergo doping by foreign species other than the added doping salt, but coming from the support.
During our studies on catalyst preparation and doping, we have frequently faced problems of support modification, for example, on activated carbons and oxides, as alumina, silica, and silica-alumina. In all the cases, the investigation of the changes undergone by the support upon different operations allowed us to better understand the behavior of the supported metal. In this paper we report the results of a systematic study on a sodium-neutralized silica-alumina support, particularly sensitive to these processes, showing how palladium deposition, thermal treatments, and doping with potassium salts lead to changes of the support morphology and, thus, of the catalyst properties.
The study has been carried out mainly by adsorption of N 2 at 77 K, and scanning electron microscopy (SEM), in order to assess any morphological changes at the nano-and microscale level, respectively. Also transmission electron microscopy (TEM), temperature-programmed desorption coupled with mass spectrometry (TPD-MS), Fourier transform infrared (FTIR) spectroscopy, and CO chemisorption have been used to better understand the phenomena occurring on the support and their influence on the properties of the metal particles. This last aspect will be presented in more detail in two subsequent papers. 36, 37 2. Experimental Details 2.1. Materials. Several supports were investigated: γ-alumina (A), sodium-neutralized silica-alumina (SA) with a SiO 2 /Al 2 O 3 ratio of 5.7, silica (S), and three types of activated carbons from wood (CW), coconut shells (CC) and peat (CP). All the supports were in powder form with the exception of CC, which was in granules.
Pd precursor was deposited on the supports by the following different procedures: (a) Pd catalysts supported on A and SA were prepared by the deposition-precipitation (D-P) method, 38, 39 using Na 2 PdCl 4 as the palladium precursor and Na 2 CO 3 as the basic agent. The supported palladium hydroxide was then water-washed until residual chlorides were removed, and dried at 393 K overnight. The final Pd/A undoped catalyst contained 1.70% Pd and traces of Na. The Pd/SA undoped catalyst contained 2.05% Pd and some impurities arising from SA (Na 2.64%, K 0.04%, Ca 0.05%, Mg 0.04%, S < 0.10%). All percentages given above are referred to wt %; the same holds throughout the whole text. (b) Pd/S catalyst was prepared by dry impregnation (DI) of microspheroidal silica with Pd(NH 3 ) 4 (NO 3 ) 2 solution followed by drying at 393 K and calcination at 723 K. 32 The final Pd/S catalyst contained 1.93% Pd and Na < 0.05%. (c) Pd/CW and Pd/CP were prepared by the D-P method as described above, the Pd loading being 5.0%. (d) Pd/CC was prepared by wet impregnation (WI) with an aqueous solution of Na 2 PdCl 4 and further chemical reduction as described in ref 40 . The supported palladium phase was then water-washed until residual chlorides were removed, and dried at 393 K overnight. The Pd loading was 0.5%.
In the case of Pd/oxide systems, the Pd deposition was followed by K-doping. K-doped Pd/A and Pd/S catalysts were obtained by DI of corresponding undoped catalysts with an aqueous solution of potassium carbonate, followed by drying in a static oven for 16 h at 393 K. The potassium concentration on the final doped catalysts was 3%. The Pd/SA catalyst was doped with K by the same method using different dopant compounds, i.e., carbonates and chlorides, in order to obtain 3-12% of potassium concentration in the final catalyst.
A further thermal treatment at 823 K was performed on all oxide-based catalysts, both undoped and doped, in a static oven for 30 min. Pd/SA was also treated at other temperatures in the 473-1073 K range with the same procedure, and at 673 and 823 K in flowing H 2 in a quartz reactor. Finally, some doped catalysts were submitted to washing in order to remove the soluble fraction. Washing was performed with water at 318 K inside a sintered disk filter funnel.
For the 2% Pd/SA systems, a proper nomenclature has been adopted to directly identify the approximate chemical composition of the sample. Thus, undoped 2% Pd/SA is labeled as Pd und . For samples doped with potassium carbonate, we add the name of the dopant cation followed by the atomic ratio K/Pd. So, for example, PdK4 represents a sample containing 2% Pd and potassium from carbonate salt at K/Pd = 4 at/at. If alkali metal dopants are introduced as compounds other than carbonate, such as chloride, the counterion is indicated by the suffix (Cl), for example PdK(Cl)4. All the data were normalized to the weight of Pd catalysts dried at 393 K in static air, in order to take into account the effect of matter increase due to Pd and dopant addition, and matter loss caused by thermal treatments. 43 The weight changes caused by thermal treatments were measured at various temperatures (393-1073 K) in different atmospheres (air and H 2 ), depending on the catalyst. Before each treatment, all the samples were dried at 393 K in a static oven for 16 h. The treatments in air consist of heating the sample inside a quartz crucible in a static oven up to the treatment temperature at 10 K min -1 and keeping it at this temperature for 30 min. The treatments in H 2 consist of heating the sample inside a quartz tube up to the treatment temperature at 10 K min -1 in He, switching to H 2 , and keeping the sample at this temperature for 30 min. In both cases, the sample was cooled to room temperature (RT) and weighted.
2.2.2. Scanning Electron Microscopy. SEM observation was carried out by a Philips XL20 instrument at 30 kV of voltage. The dry sample was put on an aluminum stub covered with a double-layer adhesive disk and then sputtered with gold for 120 s. Electron dispersive spectroscopy (EDS) analysis was performed by an annexed EDAX operating at 15 kV.
2.2.3. Transmission Electron Microscopy. High-resolution transmission electron micrographs were obtained with a JEOL 3010-UHR operating at 300 kV, equipped with a 2k Â 2k pixels Gatan US1000 CCD camera. Samples were deposited on a copper grid covered with a lacey carbon film.
2.2.4. FTIR Spectroscopy. The FTIR spectra were recorded at 300 K at 2 cm -1 resolution, using a Bruker IFS 28 spectrometer, equipped with a cryogenic mercury-cadmium-telluride (MCT) detector. Samples were analyzed in the form of selfsupported pellets inside an IR quartz cell allowing in situ thermal treatments and gas dosages.
2.2.5. Temperature Programmed Desorption Coupled with Mass Spectrometry. TPD was monitored by mass spectrometry on samples previously activated in inert (He) atmosphere at 373 K for 4 h (in order to remove most of physisorbed water). During the increase of temperature from RT to 873 K at a ramp of 5 K min 2.2.6. CO Chemisorption. CO chemisorption experiments were performed by the dynamic pulse method at 323 K. The catalyst, previously dried at 383 K overnight, was reduced in situ at 393 K with the following procedure: (i) the sample was loaded inside a Utube, (ii) it was heated in He up to 393 K (with a 10 K min -1 ramp rate), (iii) H 2 was fed for 30 min, and (iv) the sample was finally cooled to 323 K in He (with a 10 K min -1 ramp rate). After that, five CO pulses of known volume were sent to the sample under He flow, and the adsorbed CO amount was determined by a TCD detector. In order to determine the available surface Pd atoms (surface to volume ratio, S/V Chemi ) a CO/Pd average stoichiometry of 1 was assumed. This assumption was verified by a parallel series of measurements performed on three different samples treated at two different temperatures with H 2 -O 2 static volumetric titration, which gives an O/Pd average stoichiometry close to 1. 44 The two methods/techniques give a CO/O ratio in the 0.94-1.13 range, which is a strong support for the assumption that CO/Pd average stoichiometry equals 1. A further confirmation of the assumed stoichiometry comes form the Pd und sample reduced in H 2 at 393 K. In this case, the fraction of surface atoms derived from the Pd particle size distribution measured by TEM is 0.29, a value very close to the value of 0.28 obtained from CO chemisorption assuming a CO/Pd average stoichiometry of 1. Table 1 reports the results of nitrogen adsorption measurements on catalysts prepared with different methods and on different supports. Measurements have been carried out on undoped as well as on doped samples either dried at 393 K or calcined at 823 K.
Results and Discussion

Support Modifications upon Catalyst Preparation and Treatments.
Compared to all the oxidic supports, the activated carbons are more inert toward Pd deposition with different methods (i.e., D-P or WI): only small variations of A s and V p are observed upon passing from carbon to supported catalyst. Conversely, all the oxidic supports are more sensitive than carbons toward the Pd addition and exhibit relevant variations upon thermal treatment and/or doping. The extent of the variation depends on the oxide type. Specifically, as a result of Pd deposition on Al 2 O 3 support, A s increases, and V p decreases with consequent reduction of D m , confirmed by the pore size distribution (not reported for brevity). Part of the effect is due to the rehydration of alumina. However, a role of etching by basic medium used in the D-P method is highly probable, even if the mechanism is unknown.
Upon calcination, the sample shows a loss of A s with contemporary increase of D m , indicating that the solid has undergone the early effects of sintering process, characterized by growth of larger elementary particles (i.e., γ-alumina crystals) at the expense of the smaller ones, so that their total area is smaller and the intraparticles spaces (i.e., the pores) are larger. 19 The doping procedure seems to have a smaller effect than Pd deposition, bringing about a moderate loss of A s and V p . Since the carrier was contacted with a basic solution in both cases, (i.e., Pd deposition and doping), the different behavior can be explained in two different ways: (i) during impregnation the surface irregularities, more sensitive to chemical attack, are quite completely removed, making the second exposure to basic solution during doping less effective, or (ii) the effect is more evident upon palladium deposition because the subsequent washing removes the dissolved material that, conversely, reprecipitates upon drying after doping. Thermal treatment of doped sample has an effect similar to the same treatment on the undoped one: the mechanism is the same and is only slightly influenced by the presence of the dopant, at least up to 823 K.
The SiO 2 support is not significantly modified during the impregnation with Pd because the preparation method (i.e., DI with Pd(NH 3 ) 4 (NO 3 ) 2 solution) avoids the contact of the support with large volumes of aggressive solutions. Undoubtedly, if the D-P method had been used instead of the DI one, the low resistance of SiO 2 toward alkaline solution would have caused heavy modifications of its porous structure. In fact, this occurs upon doping, as this is carried out by filling the pores with K 2 CO 3 solution followed by drying at 393 K: a collapse of A s at almost constant V p and an enlargement of pores is observed. This can be explained either by the formation of soluble silicates that enable the destruction of the pore walls, or by the solutionprecipitation mechanism, which enables the growth of the silica elementary particles. The effect of thermal treatments strongly depends on the presence of dopant: while the undoped catalyst is almost stable at 823 K, the doped one undergoes a sintering with enlargement of the pores and, consequently, a sharp decrease of A s .
The behavior of SA support is interesting in that it undergoes consistent variations of the morphology at the nano-and microscale level, and this is the reason why we have decided to deeply investigate such support. In fact, it is observed that the use of basic solutions for Pd deposition and doping brings about an enhancement of pore volume and diameter accompanied by a decrease in A s . Moreover, a decrease in A s and V p at a constant pore diameter is observed upon thermal treatment at 823 K. This peculiar behavior is discussed in the following sections.
3.2. Processes Occurring during Palladium Deposition on SA. Table 1 indicates that the SA support used for the preparation of the catalysts under investigation has a low resistance toward the solution used during palladium deposition: A s decreases, while V p and D m increase; the last parameter is in agreement with the pore size distribution, which undergoes a general enlargement (Figure 1a) . The process that causes such a phenomenon can be explained only with the removal of matter from the inner pores, as will be shown in section 3.4. However, this cannot be thought of as a simple enlargement of pores due to the solubilization of a layer of their walls, because, in that case, we should observe an increase in V p greater than the increase in D m , and also an increase of A s . For example, on pores with cylindrical shape, the volume is directly proportional to D m 2 , while the surface is directly proportional to D m . It seems more likely that the solubilization involves the removal of irregularities or diaphragms inside the pores (see, for example, the model of Figure 10a ): to a small increase in volume (the volume of In panel a, the curves relative to the treatments in air at 473, 573, 673, and 923 K, and in H 2 at 393 and 673 K, very similar to those reported, have been omitted for the sake of clarity. Some curves are reported in more than one part in order to make more evident the shifts of pore size distribution.
removed matter) corresponds a strong decrease of area (the surface of irregularities or diaphragms) and a real, or apparent, increase in diameter.
Notice that the process hypothesized to occur on SA is totally different from what we have observed on alumina (Table 1) , where the support solubility is certainly lower: A s increases and V p decreases with consequent decrease of D m .
3.3. Processes Occurring during Calcination and Reduction of Pd und Sample. During calcination, a weight change occurs in the Pd und sample, and thus, when different samples are compared, some apparent variations of A s and V p are actually due to the "concentration" of the sample caused by loss of water. The problem has been solved by normalizing the data at a given state of the sample, taking into account its composition at the initial stage and after subsequent changes. For this purpose, the sample Pd und dried in air at 393 K has been selected as a reference (see Section 2. Experimental Details).
The effect of calcination temperature on the Pd und sample has been deeply investigated by systematically measuring A s , V p , and D m in the 393-1073 K range, as reported in Table 2 . Calcination up to 923 K causes a moderate decrease of A s and V p , while the pore size (D m ) remains almost unchanged, as confirmed by the pore size distribution (Figure 1a) . The most significant changes occur between 393 and 573 K, suggesting that this is not a phenomenon of classical sintering, which would require higher temperature. On the basis of the results obtained by weight loss measurements and TPD-MS, we can associate the process with the loss of water that is maximum in this range of temperature ( Figure 2a ) and far more relevant than the release of other substances, such as CO 2 . Figure 2b shows that there is a good correlation between the two processes, i.e., surface area decrease and water loss. Notice that between 673 and 923 K, where most of water has been already released and the loss of weight is low, the variation of A s is negligible. Moreover, the constancy of A s confirms that sintering is not operating at lower temperatures, but it requires heating at temperatures higher than 923 K (Table 2) . A further confirmation of this picture comes from the monotonous decrease in the value of the c parameter (from 151 at 393 K to 123 at 573 K) as the temperature of thermal treatment increases, quite similar to what is observed for alumina (from 134 at 393 K to 97 at 823 K), where the only phenomenon that takes place in this range of temperature is the dehydration with loss of hydroxyl groups from the surface. The analogy of the variation of the c parameter for the two types of supports suggests that, in the Pd und sample treated at high temperatures, no real chemical reactions between components or decompositions with relevant release of matter are taking place, as these are impossible on alumina. The collapse in A s observed on a sample treated at 1073 K is attributable to the presence of residual alkali metal and will be discussed in detail in section 3.5.
In agreement with this picture, significant differences between treatments in air and H 2 are not observed (Table 2 and Figure 1a) , pointing out that all the differences induced by the different treatment atmosphere on Pd crystal characteristics and catalytic behavior 36, 37 are not attributable to a different nanoscale morphology.
The observed variations between 393 and 923 K are too small to define a model based on changes in the local morphology of a solid at the pore level. At most, we can assume that, as a result of dehydration and high temperature treatments, one or both of the following phenomena are apt to occur: (i) occlusion of narrow connections between pores, which leads to a decrease of V p and A s , but does not change D m , under the hypothesis that the pore blocking is independent of its size; in this case, a significant movement of matter is not involved; (ii) slight shrinking (implying a parallel decrease of V p and D m with lower decrease of A s ) counterbalanced by a smoothing of the pore's inner surface (implying a decrease of A s at constant V p , with a consequent increase of D m ); in this case a consistent movement of matter is involved. In Figure 10b a possible model that brings together both mechanisms is proposed.
Finally, notice that the evolution of A s , V p and D m with temperature observed on alumina (Table 1) is quite different: in this case, a mechanism of moderate sintering takes place with growth of elementary larger particles (i.e., γ-alumina crystals) at the expense of the smaller ones, so that their total area is smaller and the intraparticle spaces (i.e., the pores) are larger.
3.4. Processes Occurring during Doping of Pd und Sample. As mentioned above, in order to properly analyze the data of doped catalysts, it should be noted that the addition of dopant causes a "dilution" of the catalyst by the added salt, which is certainly nonporous, and thus causes an apparent decrease of A s and V p per unit weight of solid. Thus, N 2 adsorption data have been normalized to the unit weight of catalyst Pd und dried in air at 393 K (Table 3) .
Let us first consider the changes in the pore volume. If all the added matter (i.e., the carbonate) would be located inside the pores, their volume would suffer a decrease at least equal to the volume of salt. 45 Conversely, a slight upward trend of V p is observed. Formally, this would indicate that the carbonate is outside the pores. However, this simple hypothesis presupposes the constancy of A s and D m that is not observed, as the former decreases and the latter increases. This means that the expansion of pores is real, as is confirmed by the distribution curves (Figure 1b) . 46 The trend is very similar to that previously observed going from support to catalyst: decrease of A s , slight increase of V p , and increase of D m and c. In that case, it has been assumed that the dissolution concerns the irregularities or diaphragms inside the pores. Here, we can suppose that this process continues during the doping, probably involving adjacent pore walls. A possible objection is that the contact between the catalyst and a basic solution has already occurred during the palladium deposition step (where Na 2 CO 3 is used) and so, the support irregularities should have been already removed and the effects of the new exposure should be less evident. However, the concentration of dopant K 2 CO 3 solution, especially on samples with higher K loading, is much greater than the Na 2 CO 3 solution used for palladium deposition. Moreover, after Pd deposition, the catalyst is washed, and so, during the drying at 393 K, the pores are filled only by water. Conversely, doping is not followed by washing, and thus, during the drying step, the pore walls are in contact with a strong basic solution up to 393 K. The conclusion is that, during the catalyst doping, the support is subjected to a much more severe and aggressive environment than during the palladium deposition, and therefore it is reasonable to expect a further chemical attack.
A confirmation that the observed behavior is due to the support dissolution by K 2 CO 3 has been obtained by two further measurements. The first concerns the catalyst doped with KCl instead of K 2 CO 3 , i.e., the PdK(Cl)4 sample: the solution of KCl has a neutral pH, so its attacking power toward SA support is rather low. Taking into account the weight correction for the KCl content, the PdK(Cl)4 sample exhibits values of A s , V p , D m , and pore size distribution quite similar to the undoped sample: in particular, as shown in Table 3 , 235 Å ) and is different from the K 2 CO 3 -doped PdK4 sample (99 m 2 g -1 , 341 Å ). Therefore, if the doping solution does not cause any support dissolution, the porous structure is not affected.
The second measurement concerns the catalyst PdK20(H 2 O), i.e., the PdK20 sample washed to remove the carbonate or other soluble compounds formed by reaction between carbonate and support (vide infra), and then dried at 393 K. If the changes observed on the catalyst before washing (i.e., PdK20) were due to a precipitation inside the pores of the soluble material from the dopant solution, the washing treatment should restore the initial situation. Indeed, the washing treatment leaves the alterations induced by the doping almost unchanged (Table 3) In conclusion, a part of the support dissolves during doping, and then reprecipitates, at least partially, outside the pores during the subsequent drying, with consequent alteration of the whole porous structure. It is likely that the reprecipitated material is made, besides unreacted carbonate, by the product of reaction between carbonate and support (e.g., potassium silicate). 17 The reaction leads to the decomposition of carbonate with release of CO 2 and increase of sample weight lower than expected upon doping, suggesting that, already at the end of drying at 393 K, a fraction of carbonate is decomposed. 48 The nonreacted carbonate reprecipitates during the drying step, although, probably after the dissolved support because of its higher solubility.
The question is now where the reprecipitated material is located at this stage. Since the pore volume tends to increase slightly with increasing concentration of dopant (Table 3) , the amount of material that entered the pores during doping is lower than the material expelled from the pores during drying. Moreover, the material reprecipitated inside the pores is insoluble or slightly soluble in water, as confirmed by the fact that the washing of the PdK20 sample does not cause any increase in V p , A s , D m , and pore size distribution. Consequently, we can suppose that the material reprecipitated inside the pores is made by the reaction product of support with carbonate, while the unreacted carbonate is located outside the pores. The phenomenon is confirmed by the SEM observation (Figure 3) showing that the outer surface of the PdK4 granules is covered by D m ) , and parameter c of the BET equation as a function of K content are reported. The potassium doping salt is K 2 CO 3 apart from the PdK(Cl)4 sample doped with KCl. The PdK20(H 2 O) sample is the PdK20 submitted to washing with water and further drying at 393 K.
(45) Considering the simplest model of pores, i.e., cylindrical blind pores, if carbonate is spread on the walls of the pores, their diameter decreases, causing a decrease of volume equal to the volume of salt and proportional to decrease of the diameter. If the carbonate occupies the bottom of the blind pores, the pore diameter does not change, and the volume decrease is still equal to the volume of salt. If the "cap" is over the bottom of the pores, the diameter does not change, and the closer the "cap" is to the pore mouth, the bigger the volume decrease.
(46) It should be noted that, while in most cases D m and the maximum of pore size distribution have similar values, samples with maximum distribution around 500-550 Å exhibit a D m around 380 Å . The reason of this discrepancy is the presence of a very small fraction of micropores, which contribute much more to A s than to V p . There is neither information available in order to understand the origin of such micropores (probably localized etching), nor indications that their presence nullifies the reported findings, so, in the following, this fact will no longer be discussed.
(47) The unchanged porous texture characteristics do not necessarily imply that the chemistry of the surface remains unchanged: the value of parameter c for the PdK20(H 2 O) sample (180) lies between the values of the unwashed PdK20 sample (199) and the samples with lower K content (152-163).
(48) The decomposed fraction is roughly 80% in the PdK4 sample and 30% in the PdK20 one. elongated crystals other than the support that are not observable before doping, constituted mainly by alkaline metal carbonates, as found by EDS analysis.
As far as the chemical nature of the surface is concerned, we observe that the value of c increases with increasing K/Pd ratio (Table 3) . This is an effect only partially attributable to the contact between N 2 and the area covered by carbonate: washing with water brings about a decrease in the value of c, but not enough to return to the values of the undoped catalyst. The increase of c as a result of contact with carbonate and subsequent washing is quite similar to that seen by passing from support to the Pd-supported catalyst ( Table 1 ). In that case, the phenomenon has been attributed to a change in the chemistry of the support. In this case, we can invoke further modification of the chemistry of the Pd und surface. In Figure 10c , a possible model is reported for the proposed mechanisms occurring during K doping.
3.5. Processes Occurring during Calcination and Reduction of Doped Samples. We recall that thermal treatments have little effect on undoped catalyst (Table 2 and Figure 1a ): a slight decrease of A s and V p at constant diameter is observed, which has been interpreted as an occlusion of some narrow channels between contiguous pores, and/or a weak shrinking with smoothing of pores. The effect of thermal treatments on two doped catalysts (PdK4 and PdK20) are reported in Table 4 and shown in Figure 1c,d . Notice that, also in this case, the data have been corrected for both the carbonate content and the loss of H 2 O and CO 2 . For the sake of clarity, Figure 4 summarizes the evolution of A s and V p as a function of temperature for different catalysts.
The effect of thermal treatments up to 1073 K can be divided into two zones. In the lower temperature range, a slight decrease of A s and V p is observed, while D m (not reported in Figure 4) is constant, as confirmed by the pore size distribution (Figure 1a,c,  d ). The range of relative stability of the samples decreases as K content increases: up to 923 K for Pd und , 823 K for PdK4 and 673 K for PdK20. At these temperatures, a sudden collapse of V p and A s occurs. The decrease of V p and A s is accompanied by a shrinking of pores (see, for example, sample PdK20 at 823 K in air) and, in much more stressed conditions (sample PdK4 at 1073 K in air) leads to the total disappearance of porous structure. The temperature at which the collapse occurs is inversely proportional to the K/Pd ratio: PdK20 < PdK4 < Pd und samples.
The observed changes are clearly due to the presence of carbonate, as confirmed by thermal treatments carried out on the sample PdK20(H 2 O), i.e., on the doped sample washed with water. In this case, the characteristics of the sample treated at 823 K in air are identical to those of the same sample simply dried at 393 K (see Figure 4) : once the carbonate has been removed, the sample is no more affected by the thermal treatments.
The role of carbonate can be explained considering that carbonate becomes reactive with the support at high temperature. In fact, it is well-known that the K carbonate (or Na carbonate) is used to dramatically lower the melting temperature of silica (the main component of the SA support) in the preparation of glasses. For example, sodium carbonate starts to react with silica already at 823 K, 49 giving the following reaction: Na 2 CO 3 + SiO 2 f Na 2 SiO 3 + CO 2 . The new, chemically modified support becomes mobile already at low temperature because it is well above the Tamman temperature of the pure support. At this point, its porous structure tends to collapse as a result of phenomena such as sintering, which is a process involving the elementary particles of a solid, which progressively assume a form that allows them to adapt to one another in order to gradually occupy the interparticle spaces (pores). 50 The silicate formed could react with the support not yet modified, thus exalting the effect of the process.
The destabilization of support through reaction with alkali metal carbonate requires (i) the disappearance of potassium carbonate, which is otherwise stable at higher temperature, 51 and (ii) the release of CO 2 . In the samples under investigation, the increase of thermal treatment temperature really causes the progressive disappearance of carbonate (not yet decomposed after the drying at 373 K), as demonstrated by infrared spectroscopy on PdK4 samples treated in the 373-823 K range (see Figure 5a ). The sample treated at 373 K shows a band with a maximum at about 1430 cm -1 , typical of the ν as mode of carbonates. 52 Treatments at higher temperatures cause a decrease of band intensity (673 K) until the complete disappearance at 823 K. The process is accompanied by the release of CO 2 , as foreseen by reaction between carbonate and the support, and evidenced by TPD-MS experiment (Figure 5b) .
The effect of "alkaline fusion" in the presence of potassium carbonate is confirmed by SEM observations that show a collapse of catalyst particles. In fact, the particles of the as-such PdK20, exhibiting a spherical shape, undergo a reduction of the size and a loss of the spherical shape when treated at 823 K ( Figure 6) .
A possible image of the processes described above is shown in the Figure 10d ,e where the growth of support particles and the deep interaction between support and carbonate are evidenced: the interacted part, in light green, is a consistent part of the support, and even the entire support. Figure 10d represents the intermediate stage, where a collapse of A s is observed, but a part of the porous structure has resisted, as observed, for example, on the PdK20 sample treated at 823 K. In Figure 10e , the subsequent total collapse of particles is represented, as occurred, for example, in the PdK4 sample calcined at 1073 K. Pd/SA system submitted to doping with K 2 CO 3 and to thermal treatments in the 393-823 K temperature range. The curve qualitatively shows the dispersion versus A s trend for the samples treated in air. Large and small symbols are associated with treatments in air or H 2 atmosphere, respectively. Pd und , PdK4, PdK10, and PdK20 data are reported as squares, circles, diamonds, and triangles, respectively; blue, green, and red colors refer to thermal treatments at 393, 673, and 823 K, respectively.
Regarding the atmosphere of the thermal treatment, the H 2 seems to have a slight effect on the stability of the PdK20 sample, in the sense that it seems to prevent the collapse of the porous structure. However, the difference between samples treated in air and H 2 at 823 K is moderate, so, being in a phase of great transformation, it can easily be justified by the different experimental setups used in the two cases.
3.6. Effect of Support Changes on Catalyst Properties. The change of the porous structure of the support during Pd deposition, doping, and thermal treatments affects all the characteristics of dispersed Pd crystals. This topic will be deeply discussed in two subsequent papers. 36, 37 Here, some preliminary results are reported to evidence the direct relationship between support modification and Pd properties. Figure 7 shows the variation of Pd dispersion (as obtained by CO chemisorption) versus A s (as obtained by adsorption of N 2 at 77 K) on different samples. Starting with the samples activated in air (larger symbols in Figure 7) , it is evident that the decrease of A s is accompanied by a decrease in Pd dispersion, rather independently of the K/Pd atomic ratio and of the temperature necessary to obtain a given loss of surface area. The most relevant phenomenon that links the two processes is the capability of the support to cover progressively palladium crystals, both (i) during reprecipitation caused by drying after dopant addition and (ii) during the support sintering. The process is evidenced by TEM observation, showing on all the doped samples the presence of palladium crystals encapsulated by a phase that, being still present after careful washing with water, has to be ascribed to the modified support. The fraction of palladium crystals covered by the carrier increases with K/Pd atomic ratio and calcination temperature, at least from a semiquantitative point of view. Figure 8 shows representative images in the case of Pd und and PdK20 before and after washing. The contribution of other processes, if operating, is surely less effective. Pd sintering is negligible in the operating conditions, as demonstrated by TEM, 36, 37 and the direct covering by carbonate salt can be rejected because the encapsulating phase is insoluble in water, and it tends to increase with temperature while the carbonate decomposes.
The metal encapsulation observed by TEM is quite similar to that observed in the case of strong metal-support interaction (SMSI) effect that is typically associated with reducible supports (i.e., TiO 2 , CeO 2 ). 53, 54 In that case, the chemisorption capability of the metal particles by probe molecules (i.e., H 2 or CO) heavily decreases by H 2 -reduction at high temperature (g773 K), 53 due to a particle decoration by the mobilized reduced support. However, care must be done in order to distinguish true SMSIlike phenomena, as originally defined by Tauster et al., 53,54 from effects similar to SMSI, but having a different origin. 55 This is the case of the present system, where the Pd particles coverage is caused by support mobility in absence of H 2 : a first Pd particle coverage occurs because of reprecipitation of the modified support caused by dopant addition, and a second one occurs because of support sintering.
Thermal treatments in H 2 (smaller symbols in Figure 7 ) cause a diminution of dispersion higher than those observed in air, A s being equal. This means that other processes not directly related to support changes are operating, such as sintering and poisoning, as evidenced by TEM (Figure 9a,b) and IR spectroscopy of adsorbed CO (Figure 9c) , respectively. 36, 37 
Conclusions
The changes in the support morphology, at nano-and microscale level, along the processes involved in the preparation of a supported Pd catalyst have been investigated by adsorption of N 2 at 77 K and SEM. In particular, the effect of Pd deposition, doping and thermal treatments have been studied. The investigation of Pd properties and of the catalytic performance cannot be performed apart from considering that Pd crystallites are not deposited on an inert and unmodifiable surface. Among the investigated supports, viz., activated carbons, γ-Al 2 O 3 , SiO 2 , and SiO 2 -Al 2 O 3 (SA), the SA one is extremely plastic and reactive, so it has been considered for additional investigations. We have demonstrated that many processes, summarized in Figure 10 , contribute to modify the support morphology at nano-and microscale level.
During the Pd deposition (Figure 10a ), the support itself is partially dissolved and removed as a result of both contact with the basic precipitating agent and the final washing. The dissolution acts mainly on irregularities and diaphragms, resulting in a decrease of A s and an increase in the pore size, partly true (demolition of diaphragms) and partly apparent (disappearance of the narrow interstices between the irregularities).
When the undoped sample is treated at high temperature (Figure 10b ), only modest phenomena are observed. The loss of H 2 O (in particular between 393 and 673 K) causes the occlusion of some narrow channels connecting contiguous pores, and/or a weak shrinking and smoothing of pores. Consequently, a weak decline of A s and V p at constant D m is observed.
During the doping with potassium carbonate (Figure 10c ), the support dissolution continues (the greater the carbonate concentration, the greater the dissolution extent). In this case, the dissolved material is not removed, but reprecipitates, at least partially, as potassium salt during the subsequent drying at 393 K. This involves the definitive disappearance of irregularities and, probably, also the removal of some pore walls. The reprecipitation of support, as well as that of unreacted carbonate, occurs mainly outside the pores. As a result, there is an enlargement of pores and a decrease of A s .
When doped samples are treated at high temperature ( Figure  10d ,e), the reaction between carbonate and support (with release of CO 2 ) causes the mobilization of the support itself ("alkaline fusion"), with sintering phenomena that can reach the total collapse of the porous structure at a temperature that becomes lower as the concentration of potassium carbonate becomes greater.
The investigated support is a good (and quite complete) model of the processes that can occur on material used as a support for noble metal catalysts. One or more of the observed processes, namely, dissolution and removal or reprecipitation of support during catalyst preparation and doping, change of composition, transfer of material from the inner pores to outer particles, change of local morphology with smoothing or destruction of pore walls, shrinking, sintering of support elementary particles, can be observed on most of the supports.
The modification of the support influences, directly or indirectly, Pd crystallites, that can be doped or even covered by materials from support, made more or less accessible or even inaccessible by pore narrowing, widening or blocking, as demonstrated by TEM, CO chemisorption, and FTIR spectroscopy of adsorbed CO. As a result, most properties of Pd crystallites, such as sensitivity to sintering, chemical composition, and availability, depend on support modification during catalyst manufacture.
